A continuously swimming mullet modulates its thrust production by changing slip-the ratio between its swimming speed U and the speed V with which the body wave travels down its body. This variation in thrust is reflected in the wake of the fish. We obtained 2-dimensional impressions of the wake behind a mullet swimming at a slip of 0.7 equivalent to active swimming, at a slip of 0.9 close to freewheeling, and at a slip of 1.1 when the fish is braking. Independent of the slip, vortices are shed at the tail when the tail tip reaches its maximum lateral excursion. The manner in which the wake changes as it decays depends on the degree of slip: At a slip well below unity, the wake decays without any qualitative changes in shape, the medio-frontal cross section of the mature wake consists of a double row of alternating vortices separated by an undulating jet, and the angle between the jet flow and the mean path of motion is close to 45؇; at a slip above unity, the vortices stretch out laterally and the mature wake resembles a single row of oval vortices with two vortex cores, and the jet between the vortices is almost perpendicular to the mean path of motion; the wake at slip of 0.9 exhibits a pattern intermediate between the wakes at slips 0.7 and 0.9 with slightly elongate vortices and a jet angle of 61؇.
INTRODUCTION
Regular patterns are formed by vortices shed from fins and tails of swimming fish Lauder, 1999 and Hanke et al., 2000; Müller et al., 1997 and Nauen and Lauder, 2001; Wolfgang et al., 1999; Wilga and Lauder, 2000) . Medio-frontal crosssections through the wake of undulatory swimmers often resemble a reverse Karman vortex street (Hanke et al., 2000; Müller et al., 1997; Wolfgang et al., 1999) . Mechanical model experiments (Ahlborn et al., 1991; Anderson et al., 1998; Cheng et al., 1991; Hertel, 1966) and computational studies (e.g., Streitlien and Triantafyllou, 1996) have established that wake shape and propulsion characteristics depend on the phase between pitch and heave of the oscillating propulsor and on the interaction between the wakes shed off the body, the fins and the tail.
In undulatory swimming, the body movements will generate a body wake, and the oscillating tail will generate its own tail wake. Experiments with a heaving and pitching plate (e.g., Hertel, 1966 , Anderson et al., 1998 suggest fish are able to control propulsive performance of the tail by changing the phase between heave and pitch. For the body wave, changing slip U/ V, the ratio of swimming speed U to the speed V of the body wave, is an equivalent mechanism; whether the body generates thrust-or drag-wakes depends on the slip. At slips below 1, the body wave travels down the body at a higher speed than the fish is swimming forward; the body wave moves backward relative to the water, accelerating the surrounding water backward and sideways, and the fish is generating thrust. At a slip of 1, the body wave travels backward at the same 1 From the Symposium Dynamics and Energetics of Animal Swimming and Flying presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 2-6 January 2002, at Anaheim, California.
2 E-mail: ukm20@cam.ac.uk speed as the fish travels forward; the wave does not move relative to the water, accelerating the water only sideways, and the fish generates no shear relative to the water and no net thrust; it is only the fish's inertia that keeps the fish moving forward. At slips above 1, the fish swims faster than its body wave travels backwards; the body wave travels forward relative to the water, adding sideways and forward momentum to the water, and the fish gains backward momentum, and decelerates. The flow generated by the different kinematic patterns has been examined on mechanical models simulating the tail beat of fish (Hertel, 1966; Ahlborn et al., 1991; Triantafyllou et al., 1993 , Gopalkrishnan et al., 1994 , Anderson et al., 1998 . These experiments confirmed the hypotheses developed for fish swimming regarding the importance of the slip. At slips of less than 1 (Fig. 1) , a waving plate sheds two rows of alternating vortices separated by an undulating, backward jet reflecting the backward momentum shed in the wake (Hertel, 1966) . At a slip of 1, the wake consists of a single row of vortices and lateral jets, and no backward momentum is visible in the wake. At slips above 1, a von Kármán vortex street is shed with a double row of vortices associated with an undulating, forward jet; the wake has a forward momentum, and the waving plate is gaining backward momentum in return.
Undulatory swimmers display a range of slips (for a review see Videler, 1993) . Mullet has a fusiform body shape with a pronounced tail fin, and generates a body wave with an amplitude increasing curvilinearly towards the tail (Müller et al., 1997) . In this study we use particle image velocimetry PIV to quantify the wake behind a mullet, and simultaneously record the swimming movements of the fish. This shows which types of wake are produced for different slips, and how these wakes are generated by the undulating body. 
MATERIAL AND METHODS
The experiments were performed on thick-lipped mullet (Chelon labrosus). Two juvenile mullets (age 2 years, body length 0.12 m), bred in captivity, were kept in a 40 litre tank containing artificial sea water (salinity 30‰) at 22 Ϯ 1ЊC.
The flow generated by the swimming fish was visualised using 2-dimensional particle image velocimetry PIV following Stamhuis and Videler (1995) and Müller et al. (1997) . One fish was transferred to the filming tank (dimensions: 1.5 m ϫ 0.5 m ϫ 0.3 m) filled with water seeded with unexpanded polystyrene particles (VF 654, BASF, diameter 0.2 to 0.4 mm). The particles were illuminated in a horizontal plane by a 1 mm thick laser light sheet (krypton laser, ϭ 647 nm, maximum power 0.8 W). The light sheet was in the middle of the water column, more than 5 tail-fin spans away from the surface and the bottom of the tank to avoid wall effects. Experiments lasted at most 2 hours. Only spontaneous swimming behaviour was recorded; we neither trained nor stimulated the fish in any way. A CCD camera (Adimec MX-12, with 50 mm lens) was mounted perpendicular to the light sheet to record top-view images of 512 ϫ 512 pixels at a frequency of 25 images per second. The camera shutter was open for 8 m sec per frame to avoid motion blur of the particles. The flow fields obtained with our PIV setup are two-dimensional impressions in the medio-frontal plane of the fish. Morphological and kinematic parameters listed in Table 1 were obtained using image analysis software (TIM, Dutch Vision System) following Müller et al. (1997) .
Hydrodynamic analysis
We conducted subimage cross-correlations on pairs of consecutive images to obtain a velocity vector field from the particle displacements (Chen et al., 1993, Stamhuis and using a subimage size of 39 by 39 pixels. The rotational flow component in the vortices was often too high for the cross-correlation to yield reliable results. These areas in the flow had to be analysed by tracking particle centroids manually (particle tracking velocimetry PTV). All vectors in one grid cell were averaged, and gaps in the resulting vector field were filled using a 2-dimensional spline interpolation technique (Stamhuis and Videler, 1995) .
The wake was characterised by the following parameters: (a) the distance between vortex centres along and perpendicular to the mean path of motion; (b) the momentum angle between a vortex pair and the swimming direction; (c) the angle ␣ between the direction of the jet and the mean path of motion. Consecutive counter-rotating vortices in the wake are assumed to form a vortex ring. We obtained the velocity profile of the vortices, the radius of the vortex ring R and the vortex core R 0 .
We adapted the vortex ring model, developed for bird flight (Rayner 1979; Spedding et al., 1984) to calculate the energy contained in the wake. We assumed the vortex rings to be circular and to contain all vorticity. The circulation ⌫ of the vortex was calculated as described in Müller et al. (1997) . Undulatory swimming fish shed a chain of vortex rings (Blickhan et al., 1992; Wolfgang et al., 1999) . The medio-frontal cross-sections obtained in this set-up contain the areas where two vortex rings overlap. The circulation ⌫ of two consecutive vortex rings can be assumed to be additive (Blickhan et al., 1992) . Hence, we modified the vortex ring model for birds, which was developed for single vortex rings, to suit a vortex chain as follows. We halved the circulation derived from the flow field when calculating vortex ring momentum I: where water is the density of water. This leads to the thrust energy E T :
With two vortices shed per tail beat cycle, this leads to thrust power P T :
where f is the tail beat frequency.
RESULTS
Of 30 recorded sequences, three were selected in which the fish is swimming horizontally in the light sheet with the wake in full view of the camera. Of each sequence, up to 40 image pairs were analysed to quantify the swimming kinematics and the flow pattern generated by the fish. All mean values in the text are given with standard deviation.
Swimming kinematics
In all three sequences, the fish crosses the field of view from right to left, completing approximately 3 tail beat cycles. The kinematic profile of mullet is typical for carangiform swimmers (Table 1) (Wardle et al., 1995; Müller et al., 1997) . The instantaneous swimming speed varies within a tail beat cycle by 25% of the mean swimming speed U. U does not change significantly between tail beat cycles (P Ͼ 0.1, n ϭ 3). The slip in the sequences 1, 2 and 3 is 0.7 Ϯ 0.1, 0.9 Ϯ 0.1, and 1.1 Ϯ 0.1, respectively.
The tail follows a sinusoidal path with tail beat am- plitudes of 0.07 L (U/V ϭ 0.9), 0.08 L (U/V ϭ 1.1) and 0.09 L (U/V ϭ 0.7) and stride lengths of 0.5 L (U/ V ϭ 0.7), 0.6 L (U/V ϭ 0.9) and 0.7 L (U/V ϭ 1.1) ( Table 1 and Fig. 2, insets) . The lateral velocity of the tail varies during the tail beat cycle between 0, when the tail reaches a lateral extreme, and more than 0.2 m sec Ϫ1 . The fish increases slip by reducing the speed with which the body wave travels down the body. This is turn decreases body wave length and increases the angle of attack of the tail.
Studies of fish flow fields (Müller et al., 1997 (Müller et al., , 2001 ; present study) as well as model studies on heaving and pitching plates (Gopalkrishnan et al., 1994; Streitlien and Triantafyllou, 1996; Anderson et al., 1998) show at least three aspects of the body kinematics to be important for the flow patterns generated by the interaction between fish and water. First, the phase relationship between the heave and pitch of the tail. Second, the phase relationship between body wave and tail beat cycle. Third, the size of the lateral body wave amplitude relative to the width of the body, in particular the head.
(1) Heaving and pitching hydrofoil: a continuously swimming mullet has a reduced tail beat frequency of 1.6 to 2.4, and the tail reaches maximum heave when the pitch is 0Њ in the three analysed recordings. (2) The relationship between tail beat cycle and body wave: it is conceivable that the tail does not exactly follow the body wave, but shows a phase difference in its pitch angle; in our study, there is no detectable phase difference between body wave and tail wave, and the tail behaves like an extension of the body wave. (3) Size of amplitude envelope relative to the width of the head (Fig. 4, inset) : the mullet's anterior body is wider or about as wide as the body wave amplitude along most of the body. As a consequence, the body contour on the convex side is almost straight and hardly exceeds the head contour, while the body contour on the concave side of the bend is curved and recedes substantially beyond the head contour. This asymmetry exists independent of the slip and causes considerable differences between the flow fields in concave and convex bends.
Slip and wake shape
In all sequences analysed, the shed vortices resemble a Rankine vortex profile, whose hypothetical structure consists of a core in solid-body rotation and an outer potential flow region entrained by the core (Fig.  3) .
A fish swimming with a slip below 1.0 sheds two rows of alternating vortices with a backward jet inbetween ( Fig. 2A, B) . Per tail beat cycle, one clockwise vortex is shed to the left and one counter-clockwise vortex to the right. At a slip of 0.7, the angle ␣ between the jet and the mean path of motion is 45 Ϯ 7.5Њ (n ϭ 61), and the cores of the vortices have an approximately circular shape ( Fig. 2A) . At a slip of 0.9, the jet angle ␣ is 61 Ϯ 9.5Њ (n ϭ 19), and the cores of the vortices are slightly more elongated perpendicular to the mean path of motion (Fig. 2B) . At a slip of 1.1, indicating that the fish is decelerating, the wake initially looks rather similar to the wake of an actively swimming fish (Fig. 2C) . However, over a time period of 0.3 sec, the vortices, shed as single round vortices, stretch out (vortex 2 to 4 in Fig. 2C vs. 2D) and two vortex cores emerge (vortex 3 and 4a,b, Fig. 2D ). The mature wake resembles a single row of oval vortices with jets almost perpendicular to the path of motion (␣: 75 Ϯ 14.0Њ, n ϭ 43) (Fig. 2D ).
Slip and positioning of the vortices: the influence of the tail
Independent of the slip, vortices are shed at the tail when the tail reaches its maximum lateral excursion. The spacing of the vortex centres reflects the undulating path of the tail (Fig. 2 insets) . The distance between consecutive vortex centres along the mean path of motion corresponds to half the stride length ( Table  2 ). The distance between the vortex centres perpendicular to the mean path of motion is close to twice the tail beat amplitude ( Table 2 ). The vortices stay at the position where they were shed by the tail, however, the initial shedding pattern is obscured in the mature wake at slips close to 1 due to the considerable changes in the vortex shape (Fig. 2B-D) .
Slip and vortex interaction: the influence of the body
The body wave creates strong semicircular flows: suction flows toward the body adjacent to the concave bends, and positive pressure flows away from the body in the convex bends. The flow speeds created in the concave bends are higher than the speeds in the convex bends, for all slips (Fig. 4) (Müller et al., 1997) . This difference is caused by the asymmetry of the lateral body movements (Fig. 4, inset) . The centres of rotation of these semicircular flows travel down the body (Fig. 4) . Their path depends on the slip: at a slip of 0.7, the rotational centres travel close to the maxi- ( mum of the body wave amplitude envelope, and the flow past the body forms a 'body wake' close to the place and time when the tail sheds its wake; as slip decreases, so does the lateral offset of the rotational centres, and the separation between body and tail vortices released into the wake becomes larger. Energy in the wake. Neither the angular velocities of the vortex cores nor the velocities in the jet differ dramatically for the three sequences considered ( Table  2 ). The circulation of the vortices just after being shed is highest at the lowest slip of 0.7, when body-and tail wake combine, compared to the strength of the split vortices at a slip of 1.1. However, the size and the total momentum of the wake are quite similar. With both the generated flow velocities and the affected water mass being similar in all three sequences, this suggests that the total momentum shed by the fish does not change substantially with increasing slip, but rather that the proportion of backward momentum decreases drastically. At a slip of 1.1 this low backward momentum is reflected in the high angles ␣ between jet flow and mean path of motion, and the low momentum angle of the vortex rings (Fig. 2D, Table 2 ). At a slip of 0.7, the jet angle and the momentum angle are both close to 45Њ; significant backward momentum is present in the wake and consequently the fish gains considerable forward momentum ( Fig. 2A , Table 2 ).
DISCUSSION

Wake generation: contributions of body and tail
Fish accelerate the water adjacent to the body for propulsion. The increase of local flow speeds can provide a rough estimate of the contribution from body and tail to the total momentum imparted to the wake: the flow velocities increase slowly along the first two thirds of the body; in the tail region, flow velocities almost double (Fig. 4) (Müller et al., 1997) . The body accelerates the local flow to roughly half the maxi- mum, and the tail completes the acceleration to final flow speeds measured at the tail tip and in the jet.
Undulatory swimming can be conceptualised as the action of two waving plates, one plate being positioned in the wake of the other plate. The tail corresponds to the downstream waving plate. The tail acts like an oscillating hydrofoil, contributing to the shape of the wake and the momentum shed: the position of the vortices shed in the wake behind a swimming mullet reflects the path of the tail tip (Fig. 2) . The body is the upstream waving plate: its wake interacts with the tail and modifies the tail's hydrodynamic performance; the body undulations generate semi-circular flow patterns adjacent to the body that, upon reaching the tail, cause the shedding of body-generated vorticity. The interaction between this body-generated vorticity and the tail wake depends on the phase relationship between the two wakes (Gopalkrishnan et al., 1994) . This phase relationship depends on the slip. At the highest slip of 1.1, the body-and tail wakes are shed far enough apart to generate a wake with split-core vortices (Fig. 2C,  D) . When the phase between body wake and tail wake is altered so that the body-generated vorticity is shed at the same moment as the tail generated vorticity, then the two wakes combine: tail-and body-generated vortices merge into one vortex ( Fig. 2A) . We also observed an intermediate case at a slip of 0.9 in which the two vortices seem to merge incompletely, generating a rather oval-shaped combined vortex core (Fig.  2B) .
To support the claim that phase between the body wave and tail beat cycle, and hence the wake interaction, depends on the slip, we used Lighthill's slender body theory (1960) as a simple analytical model to predict the position of the body wake (Müller et al., 2001) . More sophisticated flow models have been published that demonstrate that swimming performance and wake shape strongly depend on the body wave characteristics (Cheng et al., 1991; Cheng and Blickhan, 1994; Pedley and Hill, 1999; Triantafyllou et al., 2000) . We assume in our simple analytical model of the body wake that the body-generated flows, which are ultimately shed as the body-vortex, first travel down the body with a ''vortex'' core at the point where the pressure gradient, and hence the lift, is zero. Using Lighthill's slender body theory to estimate the position of this pressure node, we find that the nodes reach the tail at lateral positions that depend on the slip (Fig. 4) . The body vortex's shedding pattern responds most strongly to small changes in slip around slip values of 1 (Fig. 5) . At a slip of 1, the analytical model predicts that the body vortices are shed on the path of motion, maximising the distance between body-and tail vortices. As slip decreases, so does the distance between the two types of vortex, until they coincide at a slip of around 0.7. The predictions from this simple model suggest that undulatory swimmers can control the interaction between body-and tail wake, and that this would afford them control over their swimming performance. The phase between body-and tail wake depends not only on the slip, but also on the amplitude envelope. A steeper curvilinear increase of the body wave amplitude envelope reduces the slip value at which body-and tail wake are in phase: the eel-like amplitude envelope (Fig. 5 top) causes the distance between shed body-and tail vortices to exhibit minima at higher slips than the mullet-like amplitude envelope (Fig. 5 bottom) .
Even though the body wake of mullet seems to be considerably weaker than the body wake of an eel, our flow fields and analytical models suggest that nevertheless it affects propulsive performance considerably by its interaction with the tail wake. While the tail kinematics seem to determine the positioning of the vortices in the (young( wake, the emergence of split vortices in the mature wake suggests that the shedding of a weaker wake from the body reshapes the total wake, as tail wake and body wake interact.
